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Abstract 
The transparent model that had been designed and manufactured as presented in the First Part of this paper was tested by the 
authors in a PIV investigation of the steady flow through a bifurcation. The outcomes of the first measurement campaign of their 
PIV investigation were reported by the authors in a previous paper. At the end of that measurement campaign it was found 
necessary to cut a few centimeters from the front side of the model that was exposed to the laser sheet because of burns that were 
observed in the measuring plane of the model. The changes in the appearance of the burned zone impeded the acquisition of the 
appropriate quality images for the PIV analysis. During a subsequent campaign the model failed because of a rapid evolution of a 
crack. Based on several results obtained by using qualitative methods (photo elasticity and thermography) and theirs correlation 
with information found in literature, the present paper aims to find answers to some legitimate questions that have arisen after the 
failure of the transparent model, questions regarding the causes of this incident.  
©2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee EENVIRO 2015. 
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1. Introduction 
The authors’ previous work [1] demonstrated the capability of their experimental set-up, integrating a 2D PIV 
system to evidence the “disturbed flow” structures of the steady flow through an idealized model of a bifurcation 
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simulating a femoral artery bypass and to measure the velocity field associated with this flow, excepting the 
immediate proximity of the walls. The failure to determine the velocities in an area in the near vicinity of the walls 
was attributed to the non-compliance with the condition of RIM namely to the large difference between the 
refractive index of the bifurcations’ model manufactured in blocks of Poly(methyl methacrylate) (PMMA) with a 
high degree of transparency (n=1.491 at 20°C), as presented in the First Part of this article [2], and that of the 
working fluid, a mixture of glycerol-to-water 37: 63 by volume (n=1.38). The working fluid was selected taking into 
account the above mentioned condition to which it was added the avoidance of both potential corrosive risks on the 
parts of the experimental set-up, respectively a health hazard that could be caused by using several fluid candidates 
with a refractive index closer to that of the PMMA. In their previous study the authors also ventured the idea that the 
catalogue value of the refractive index for the model made in PMMA might have been changed due to the stresses 
occurring during the cutting stage of the model’s fabrication.  
The residual stresses built up during the fabrication of the transparent model and their effects on the deterioration 
not only of the optical properties but even on its failure came to authors’ attention when during a further new 
measurements campaign the transparent model failed, as a consequence of the rapid evolution of a crack. Some 
legitimate questions arose in these circumstances: what could cause the failure of the PMMA model? Beside 
residual stresses, are they any other conditions related to fabrication or measurement investigation that could be 
involved in the failure of the model? 
The present paper will consider notes on the use of the model during the PIV experiments as well as on its 
subsequent failure. In their search for an answer to the questions mentioned in the previous paragraph, the authors try to 
corroborate/correlate the observations coming out of their experience with other information or remarks found in 
literature. Even though a definite answer is not possible when relying only on qualitative information, in the author’s 
opinion such practical aspects regarding the manufacturing and the use of PIV models made in PMMA should be 
pointed out. As far as we know, such information concerning the early stages of designing and conducting PIV 
experiments is not usually reported in papers, as being noticed also in [3], and we consider that information might be 
useful for other experimentalists that would face with similar problems, in order to avoid loss of time and resources.  
In this regard we refer to a statement in [4] where it is stated that in many experimental investigations of the 
flows in complex geometries by means of optical imaging techniques more effort and costs are needed for 
solving/avoiding limitations imposed by this techniques than to conducting experiments. Any solution for this 
problem can enhance the usefulness of these techniques. Following our experience the authors dare to paraphrase 
the last sentence, by substituting any solution with any information.  
2. Use and failure of the model 
2.1. Laser and Heating Zone Occurrence  
A measurement campaign was carried out with the aim of testing the model and the experimental set -up in 
whose flow circuit it was connected (see [1]) with regard to their suitability for the assessment of the velocity 
field associated to the steady flow through the bypass by means of PIV method. Unfortunately, as presented in 
introduction the authors did not succeed to map the entire velocity field, because of the non-compliance with the 
RIM condition and on its effect on the poor resolution of the PIV images of the areas close to the walls. Besides 
the non-compliance with the RIM condition, other causes could have contributed to the inadequate quality of the 
PIV images.  
These causes were revealed by observing the model at the end of the measurement campaign when it was 
disconnected from the experimental set-up. At that moment we realized that it was necessary to cut a 3 cm thick 
layer from its front side, through which the laser sheet penetrates the model. Due to the cumulative effect of the 
repetitive impact between the laser sheet and the model, a zone of the model, hereinafter named as Laser Affected 
Zone (LAZ), lost its transparency, became translucent, showed bubble inclusions and got the appearance of a 
“burned” area, as can be seen in Fig. 1. The LAZ was contained in the symmetry plane of the model that is 
coincident with the laser sheet plane, thus with the measuring plane. 
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a b 
Fig. 1. Image of the laser affected zone (LAZ) a. Location in the measuring plane b. Detail on the LAZ 
Concerning the bubbles included in the LAZ (see Fig. 1), the occurrence of microbubbles in parts made from 
PMMA that were exposed to the Nd: YAG (532 nm) laser has already been reported in [5] with respect to the 3D 
Sub-Surface Laser-Engraving of Transparent Plastics process. In the same reference it is stated that a frequency-
doubled Nd:YAG laser (532 nm) burns hundreds of thousands of pixels into the PMMA in just a few minutes. With 
this information and taking into account that our model was exposed to at least 500 000 laser shots in the first 
measurements campaign alone, one can find an explanation for the expansion of the bubbles whose presence in the 
LAZ of the model can be visualized with the naked eye.  
During the investigations conducted by the authors it was evident that the LAZ causes distortions of the light 
sheet and impairs the acquisition of quality PIV images. From the authors’ experience, the LAZ became more 
significant when in the light sheet optics the 500 mm focal length spherical lens was replaced with a 200 mm focal 
length spherical lens. In the quest to thin the waist of the laser sheet, this lens was used together with the 25 focal 
length cylindrical lens to expand the laser beam into a light sheet whit a less than 1 mm thick waist, which led to an 
increase of the laser sheet energy density. 
The loss of transparency, the presence of bubbles and the burned appearance of this zone are clues of the local 
changes that occur at the microstructure level. These changes are consequences of the heating due to the large 
amount of energy deposited in the material when the laser sheet penetrates the model. Naturally, the largest amount 
of energy will focus in that zone of the model which is the most exposed to the laser sheet, namely a zone coincident 
or around the LAZ. Therefore, a difference in temperature distribution within the model is expected. 
Thermography is the method used by the authors to get qualitatively information regarding the temperature 
distribution inside the model and to identify the location with maximum increase in temperature, which would 
correspond to the most heated zone, thus the zone with maximum deposited energy. It should be mentioned here that 
Thermography consists of detecting the infrared energy emitted from objects, converting it to temperature and 
displaying images of the temperature distribution (thermal field). 
Fig. 2 shows the thermography images of the model obtained by the authors by means of a Flir E30 
thermography camera (PMMA emissivity = 0.86). The images where captured at two different times during the 
exposure of the model to laser shots with an energy per pulse of 96 mJ. It is a matter of evidence that a zone with a 
high gradient of temperature developed around the area where the laser sheet penetrates the model, a zone 
hereinafter named Heat Affected Zone (HAZ). In case of PMMA the HAZ is larger than LAZ in conformity with 
[6]. As can be seen in Figure 2, the temperature of 120°C measured in LAZ exceeded the operation temperature of 
the PMMA that is 80°C [7]. 
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Fig. 2. The experimental setup during the thermography analysis: a. Testing zone b. Image captured during the thermography 
measurement and laser exposure c,d Temperature distribution inside the model. Evidenced are Laser and Heated Affected Zones 
(LAZ and HAZ) of the model exposed to the laser sheet for: c. 15 minutes, d. 30 minutes 
As can be noticed in Figure 2, large temperature gradients occur not only inside the HAZ but also between the 
HAZ and the rest of the model. During a measurement campaign the model is exposed to hundreds of thousands of 
laser shots in a whole. This exposure is not continuous but in blocks of thousands of shots alternating with breaks 
that can last from several minutes to several hours and that are necessary for the set up adjustments. Thus one can 
consider that during a measurement campaign the model is subjected to a thermal fatigue induced by repeated 
heating under the laser exposure and natural cooling. As a consequence, the fact that thermal stresses build-up 
within the model with different values in different areas of the model becomes evident. 
Furthermore, one can take into account the fact that, induced by the temperature changes in HAZ, additional 
variable shear stresses might build-up in the separation plane of the model. More precisely, changes in temperatures 
inside the HAZ might be considered responsible for the differences in thermal expansions not only between the 
PMMA parts of the model exposed to different temperature but also between the two parts and the Acrifix 0-192. 
Should be remembered here that Acrifix 0-192 is the 1-Component polymerization adhesive used to join the two 
parts of the model made in PMMA as described in the First Part of this article [2]. The fact that inside the HAZ there 
were measured temperatures higher than the maximum recommended operation temperature for PMM as well as the 
unsteady nature of the thermal field associated with HAZ, entitles us to state that the values of the coefficient of 
linear thermal expansion for both PMMA and Acrifix might vary inside the HAZ during a measurement campaign. 
However, in accordance with [8] all properties of thermoplastics are temperature dependant. 
All the above information as well as the fact that and the local refractive index distribution is a function of 
thermal/residual stresses distribution [9] support the view that the values of the refractive index for the PMMA 
model would have been changed during the PIV investigations. Most of all, these changes of the refractive index 
would aim the local values of the refractive in the LAZ, hence even those from the measuring plane. 
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2.2. Failure of the model 
As presented in [1], at the end of the first measurement campaign the technology of the model could not be 
changed due to economic and availability reasons. The use of another working fluid whose refractive index can be 
adjusted to that of the model was identified then as a solution to complain to RIM conditions.  
An incident that happened several months later, namely the failure of the transparent model as a consequence of 
the rapid evolution of a crack during a subsequent measurements campaign led the authors to reconsider their former 
position. 
By careful examination of the failed model (see Figure 3) one can observe a major principal crack that started on 
one of the pin holes, evolved in a plane perpendicular to the symmetry plane towards the curved branch of the 
bifurcation, met both curved and straight branches one after another, got across them and skewed before getting out 
in the bonding plane, just under the LAZ. Other small cracks initiated and advanced only a little around the second 
pinhole, that is located further from the channel than the first pinhole. Along the channels’ walls and perpendicular 
to them a lining consisting of thin like hairline cracks could be identified with the naked eye.  
A legitimate question arose in such circumstances: what could cause the failure of the PMMA model? In search 
for an answer the authors resorted to the crack morphology and time evolution. The information it could give will be 
correlated with other findings from literature and the qualitative results obtained by photoelasticity. 
 
Fig. 3. Crack evolution in the failed model 
The Plexiglas (PMMA) belongs to the group of transparent thermoplastics. According to an extensive and well 
documented study [8], there are two failure modes encountered in parts made in materials from this group: 
configuration failure and material failure.  
The configuration failure occurs mostly by buckling of the slender parts when under compression, before the 
maximum allowable value of the compressive stress is reached.  
The material failure of thermoplastics can be brittle or ductile depending on: the service temperature, the strain 
rate and time under loading as well as on the thickness of the part. In general, at room temperature the PMMA fail is 
brittle but becomes ductile for temperature above 60°C. While the ductile fail is a slowly one, needing additional 
energy to spread, the brittle fail is a sudden and complete one; once initiated propagates rapidly without further 
energy [8]. 
A typical material failure of thermoplastics, mostly of the brittle ones is the occurrence of crazing. Crazing 
consists on the occurrence of many fine hairline cracks across the material. Like cracking, crazing is one of the 
effects of residual stresses in the material. While the cracks are usually the most visible results of the excessive 
residual stresses [10], the microcracks or crazes (see Fig. 4) may not be evident before the fabrication. Their 
occurrence can be triggered by the exposure of the material to the chemicals or UV radiation [8], an exposure that 
also exacerbates their damage potential (Feingold). They are present and damage material surfaces long before they 
are fully developed, thus increasing the risk of failure. The presence of crazes in the case of our model is evident by 
examination of the failed model. The thin like hairlines crazes developed perpendicular to the axis of the branches as 
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a lining along their walls, mostly in the bonding plane. As can be seen in our model the appearance of crazing 
reduces the transparency. However this statement as well as the fact that crazing reduces the light transmittance of 
the material and affects its structural properties have already been reported in [8]. 
 
Fig. 4. Crazes in the failed model 
An “invisible and insidious” factor playing a key role in both configuration and material failure is the residual stress [11]. 
The inherent presence of the residual stress in machined plastic parts can have harmful effects [10]. Besides the 
fact that excessive residual stress can result in cracking, one of the most important effects in the context of using the 
transparent thermoplastics for the construction of PIV models is the deterioration of their optical properties. The 
residual stress changes the material refractive index, thus introducing optical distortion [11].   
Therefore, in order to evaluate the potential contribution of the residual stresses to the failure of the model, the 
assessment of their distribution inside the model became compulsory. Unfortunately, only a qualitative assessment 
of the residual stress was possible by means of the photoelasticity, a non-invasive and powerful experimental 
method that makes possible the study of the stress distribution in the translucent bodies by using polarized light. 
When the translucent material is viewed with polarized light, one can see colorful patterns that are directly 
proportional to the stresses and strains in the material. The "isochromatics" (lines of the same color) are a measure 
of the principal stress difference [12, 13] and in simple cases these color fringes can be used to evaluate residual 
stress, since each color band correlates to the degree of stress in the investigated part [11].  
A circular Tiedemann & Betz Polariscope arrangement, available in house, was used to make visible the stress 
distribution in the model. Initially, as the authors were familiar with the fact that residual stress is an inherent result 
of the plastics’ manufacturing process, they tried to assess the stress distribution in the crystal clear model just 
before this was connected to the flow circuit of the experimental set-up. This distribution is referred as initial 
distribution of the residual stress. The second distribution was assessed after the failure of the model. 
In Fig. 5 are shown the initial distribution (a) and the second distribution (b) of the residual stresses in top view 
and in Figure 5 are shown the same distributions in the front side view.  
In what concerns the initial distribution of the residual stresses in top view, as can be seen in Fig. 5 a, there is a 
distinct difference between the milled channels, where the most striking coloured band is located and the rest of the 
model that looks like being in a very low stress state.  
a b 
Fig. 5. Distribution of the residual stresses in top view a. Initial distribution b. Second distribution 
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This result is an expected one given the milling process used to generate the channels. Milling, like many other 
manufacturing processes introduce inherently residual stresses [10]. Instead, what is surprising is the fact that in the 
Fig. 5 b, the difference between the channels and the rest of the model faded, and only a discrete band of colour 
could be identified along the walls of the channels. When comparing the coloured fringes in Fig. 6a and 5b that 
correspond to the first and second stress distribution, one can also notice an evident change in both colours’ number 
and intensities.  
One can notice in Fig. 6b the diminished number of fringes not only in the whole model but especially in the channel 
area where the black fringe (fringe nr.0) could be easily identified. All these observations are a proof that the model 
underwent a stress release. It is evident that this could happen by cracking but we can advance the idea that even the 
heating of the model under the laser exposure might have played a role meaning that it favoured a kind of annealing of 
the model exactly in the immediate vicinity of the HAZ. Annealing is a stress relieving procedure that consists in 
prolonged heating of the PMMA parts at temperatures lower than those used for forming followed by slow cooling. The 




Fig. 6. The initial (a) and the second (b) distribution of the residual stresses in front side view 
On the other hand in conformity with [8] an increase in stress is experienced in areas with discontinuities like 
sudden changes in geometry. This is evident also in Fig. 6 where bands of varying colours and intensities are 
displayed around the holes that are known as stress concentrators. As stated in the above mentioned reference the 
geometrical discontinuities can make a simple uni-axial stress become tri-axials, and the brittleness of the material is 
promoted by this tri-axiality. This latter statement is helpful in understanding the rapid propagation of the crack that, 
once started on one of the pin holes, evolved, in a plane perpendicular to the symmetry plane towards the channel, 
joint and get across it to get out in the bonding plane. 
Thus, in accordance with the thermography and photoelasticity images, the considerations presented in paragraph 
2.1 and taking into account the evolution of the principal crack, one can regard it as a mixture of brittle and ductile 
fail. The rapid propagation towards the channel of the crack originated on the pin hole located far away from the 
bifurcation was favoured by the temperature inside that part of the model. As shown by thermography, the 
temperature in that part of the model is in fact the room temperature. So, this could be characterised as a brittle fail. 
Once the crack reaches the first branch of the bifurcation (simulating the graft) as well as on its entire path between 
the two branches until it left the bifurcation, the brittleness of the material was enhanced by the geometrical 
discontinuities. In conformity with [8] in areas with discontinuities like sudden changes in geometry an increase in 
stress is experienced. The geometrical discontinuities can make a simple uni-axial stress became tri-axials and the 
brittleness of the material is enhanced by this tri-axiality. The skew that can be observed in Figure 3 can be 
correlated with the entrance in the HAZ where the thermal stresses are built up as discussed in paragraph 2.1. As the 
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temperature in that zone exceeded 60°C, one can consider that in that part of the model the fail is ductile and its 
spread was favoured by the amount of energy deposited as a consequence of laser exposure. The fact that the cracks 
evolved through getting out in the bonding plane, just beneath the LAZ might be explained by the cumulative action 
of the thermal stress induced by the large gradient temperatures and the shear stresses that build-up due to difference 
in thermal expansions between the PMMA parts of the model and the Acryfix.  
3. Conclusion 
By means of two experimental techniques, the authors managed to obtain and/or confirm qualitative results that 
might have been helpful for those interested in the construction and the use of transparent rigid models made in 
PMMA, dedicated to PIV investigations in flows through complex geometries. 
The use of Thermography helped the authors to identify two zones in the model, named as Laser Affected Zone 
and Heat Affected Zone. In both LAZ respectively HAZ, significant changes in temperature occur. The authors 
advance the idea that the noticed large temperature gradient established between the HAZ and the rest of the model 
leads to thermal stresses that build up within the model. Temperature changes could also influence the coefficient of 
linear thermal expansion for both PMMA parts of the model and the adhesive used to join the two parts of the model 
by polymerisation under UV exposure. Differences in thermal expansions could lead to shear stresses that might 
build up in the bonding plane.  
Residual stresses whose distribution was evidenced by photoelasticity as well as thermal stresses and shear 
stresses can be considered as factors that play a role in the failure of the model. Meanwhile, the appearance of LAZ 
could be responsible for the inappropriate quality of the PIV images. 
In order to avoid the shear stress occurrence in the separation plane, a monoblock model would be the best 
solution. This presumes rethinking the technology for the fabrication of the model and choosing other materials. If 
the PMMA is preserved as a material, one can design a technology that supposes that the part exposed to laser sheet 
will be a monoblock part including only the division/junction node. In this case solutions for the smooth transition 
between the part in PMMA and the pipes/tubes that will simulate the branches of the bifurcation should be found  
In order to avoid crazing and cracking occurrence and development which are major risks for failure of the model 
the authors highly recommend its annealing after the fabrication and after each other cutting operation like removal 
of the LAZ. 
Unfortunately due to lack of non-destructive methods for in situ measurements of the local values of refractive 
index in the temperature conditions of the experimental facilities as well as for stresses quantification, the authors 
can give at this stage only qualitative information. A reliable answer to the questions that arose following the failure 
of the model would be possible only by intrusive methods and could be a subject for future research work.    
Acknowledgement 
This work was supported by a Grant of the Romanian National Authority for Scientific Research, CNCS, 
UEFISCDI, PN-II-PT-PCCA-2011-3.2-1212 Advanced strategies for high performance indoor Environmental 
Quality in Operating Rooms. 
References 
[1] Giurgea C., Bode F., Budiu O., Nascutiu L., Banyai D., M. Damian, Experimental investigations of the steady flow through an idealized 
model of a femoral artery bypass, in: T.D. Vit, P; Novotny, P (Ed.) 8th International Conference on Experimental Fluid Mechanics, EFM13 
TU Liberec, Kutna Hora, Czech Republic, 2013. 
[2] L. Nascutiu, C. Giurgea, M. Damian, F. Bode, O. Budiu, O. Andercou, Considerations regarding the optically transparent rigid model for PIV 
investigations. Case study. Part1: Fabrication of the model and testing, EEnviro 2015 International Conference - Sustainable Solutions for 
Energy and Environment, Bucharest, Romania, (2015). 
[3] P.H. Geoghegan, N.A. Buchmann, C.J.T. Spence, S. Moore, M. Jermy, Fabrication of rigid and flexible refractive-index-matched flow 
phantoms for flow visualisation and optical flow measurements, Exp. Fluids, 52 (2012) 1331-1347. 
 Corina Giurgea et al. /  Energy Procedia  85 (2016)  235 – 243 243
[4] K. Nishino, J.-W. Choi, Index-Matching PIV for Complex Flow Geometry 4th Japan-Korea Joint Seminar on Particle Image Velocimetry, 
Sept. 29-Oct.1, 2006, Kobe, Japan, (2006). 
[5] Polymers and Lasers. Performance Polymers, in, Evonik. Laser Application Center. 
[6] A. Kovacevic, M. Sreckovic, R. Gospavic, S. Ristic, P. Jovanic, Laser–PMMA Interaction and Mechanical Stresses, ACTA PHYSICA 
POLONICA A, 112 (2007) (2007) 981-986. 
[7] P.X. Degussa Product Description.Plexiglass GS. 
[8] M.d. Graaff, A search for structural applications of transparent plastics in the building industry, MSc, TU Delft, (2012). 
[9] K. Matsumura, Y. Kagawa, Interferometric measurement of light scattering behavior in continuous SiO2 fiber in PMMA matrix composite, 
Compos. Sci. Technol., 67 (2007) 1281-1285. 
[10] Alex S. Redner, Barbara Hoffman, Residual stress testing for transparent polimers, Medical Device & Diagnostic Industry, (1999). 
[11] Joel M. Feingold, Stress: Diagnose it before it ruins your parts, Plastic Technology, (2005) 132-134. 
[12] Stress in components easily visible. Photoelasticity., in, Tiedemann -Betz. 
[13] Tiedeman Inc, http://www.tiedemann-betz.de/fileadmin/Downloads/englische_medien/ Brochure_Tiedemann_Photoelasticity.pdf. 
[14] https://coestudentshop.engr.wisc.edu/training/docs/acrylic_complete_fabrication.pdf. 
 
